ABSTRACT: Flow reactors, denuders, and sampling tubes are essential tools for many applications in analytical and physical chemistry and engineering. We derive a new method for determining radial diffusion effects and the penetration or transmission of gas molecules and aerosol particles through cylindrical tubes under laminar flow conditions using explicit 1974, 29, 1731−1738), the new approximation developed in this study (known as the KPS method) does not require interpolation or numerical techniques. The KPS method agrees well with the CKD method under all experimental conditions and also with the Brown method at low Sherwood numbers. At high Sherwood numbers corresponding to high uptake on the wall, flow entry effects become relevant and are considered in the KPS and CKD methods but not in the Brown method. The practical applicability of the KPS method is demonstrated by analysis of measurement data from experimental studies of rapid OH, intermediate NO 3 , and slow O 3 uptake on various organic substrates. The KPS method also allows determination of the penetration of aerosol particles through a tube, using a single equation to cover both the limiting cases of high and low deposition described by Gormley and Kennedy (Proc. R. Ir. Acad., Sect. A. 1949, 52A, 163−169). We demonstrate that the treatment of gas and particle diffusion converges in the KPS method, thus facilitating prediction of diffusional loss and penetration of gases and particles, analysis of chemical kinetics data, and design of fluid reactors, denuders, and sampling lines.
F low reactors and diffusion denuders are applied in many fields of chemistry and engineering. Flow tubes are used to investigate the chemical kinetics of gas and heterogeneous and multiphase reactions in catalytic, combustion, vapor deposition, environmental, and atmospheric processes, and diffusion denuders are used to separate gases from particulate matter for chemical analysis of aerosols. 1−22 For example, flow tubes are often used to study reactive gas uptake 23−33 and the formation and evolution of atmospheric aerosol particles. 34, 35 For accurate analysis and interpretation of flow-tube experiments investigating the products, kinetics, and mechanisms of heterogeneous reactions, it is necessary to understand and quantify the interaction of gases and particles with the reactor walls, which inherently involves mass transport by diffusion to the surface. 36, 37 For example, at high pressure and small gas diffusivity, mass transfer can be kinetically limiting and leads to significant underestimation of chemical reactivity and rate coefficients determined by coated-wall flow-tube experiments. 38, 39 Several analytical and numerical methods exist to describe the influence of gas-phase diffusion on gas uptake by an absorbing or reactive surface. 40−42 For spherical surfaces and application to aerosol particles, Fuchs 43 and Fuchs and Sutugin 44 provided analytical solutions to the problem. Following up on their approaches, Poschl, Rudich, and Ammann (PRA) 45, 46 derived and introduced a gas-phase diffusion correction factor that provides a straightforward description and robust quantification of gas-diffusion effects on gas−particle interactions in aerosols, clouds, and related kinetic models.
45−52
The most commonly applied methods for prediction of penetration and gas-phase diffusion in flow-tube reactors and denuders are the numerical method by Brown 53 and interpolation method by Cooney−Kim−Davis (CKD). 54, 55 Brown 53 provides a numerical approach of correcting pseudofirst-order reaction kinetics between gas species and surface implicitly accounting for radial diffusion effects. 56 Murphy and Fahey 55 present a numerical method based on an interpolation of the CKD solution to correct for diffusion in gas uptake by the walls of a cylindrical flow tube or denuder. The loss of aerosol particles to the cylindrical wall of a flow reactor or denuder is usually evaluated by applying the analytical solution of Gormley and Kennedy (GK). 14,15,57−62 For highly absorbing walls, the GK solution provides the limit of the CKD solution. 55 Here, we follow up on the PRA approach to derive, in combination with the previously determined diffusion-limited uptake, 40 ,63−65 the penetration or tube transmission and the radial diffusion correction factor, C g,X , for gas uptake or loss to absorbing or reactive wall surfaces in cylindrical laminar flow reactors and denuders. In contrast to previous treatments of this problem, where the absorbing or reactive wall surface was taken as a boundary condition, we follow the flux matching approach of Fuchs and Sutugin 44 and Poschl et al., 46 where the fluxes of gas-phase diffusion and net uptake are matched at about one mean free path above the absorbing or reactive wall surface. The new method derived in this study (Knopf− Poschl−Shiraiwa, KPS) enables efficient and robust analyses and predictions of gas and particle uptake and penetration in flow-tube experiments as well as the design and application of diffusion denuders and sampling tubes by use of explicit analytical equations. Our approximation circumvents the need for numerical and interpolation methods. We perform and present a systematic comparison and validation of the results of the KPS method against the Brown numerical method and the CKD interpolation method covering a wide range of flow conditions and surface uptake. Furthermore, we demonstrate the practical applicability of the KPS method by analysis of measurement data from three experimental flow-tube studies that involve reaction of gaseous OH, NO 3 , and O 3 with a variety of organic surfaces, spanning a broad range of flow-tube operation conditions and surface reactivity. Finally, we show that the KPS method can also be applied to describe particle losses to the wall of a tube and validate the results against the established solutions of Gormley and Kennedy. 61 
■ CONCEPT AND EQUATIONS
In flow-tube and denuder experiments, it is common practice to record the gas-phase concentration of the investigated species relative to its initial concentration, [X] g /[X] g,0 , frequently called penetration or tube transmission, 14, 15 and to describe the concentration change along the tube by pseudo-first-order reaction kinetics. 1, 3, 53, 56 Under laminar flow conditions, the gas species X will travel faster in the flow-tube center than close to the wall, resulting in a radial gradient of concentration that depends on flow velocity, tube geometry, and diffusion. The wall loss or net uptake of a gas species is determined by a sequence of processes including mass transfer from the gas phase to the wall surface and chemical reactions on the surface or in the bulk of the wall material or coating, which may follow the well-known Langmuir−Hinshelwood 66, 67 and Eley− Rideal 68,69 reaction mechanisms and kinetics. 46 A detailed discussion on the gas-phase diffusion correction for spherical particles has been provided by Poschl et al. 46 We follow their definitions and nomenclature when deriving the gas-phase diffusion correction for the cylindrical geometry of a flow-tube reactor.
Similar to previous studies addressing gas-phase correction for derivation of gas uptake kinetics in flow-tube reactors, 53, 55 the following assumptions are made for derivation of the analytical equations: (a) the interacting gas species is a trace gas in the bulk flow, (b) laminar flow is established in the flow reactor, (c) the gas temperature and viscosity are homogeneous, (d) the axial diffusion velocity is negligible compared to bulk flow velocity, (e) the amount of gas species taken up is small compared to its reservoir, and (f) there is an absence of gas-phase reactions impacting gas species concentration. Laminar flow is present in flow tubes when the Reynolds number, Re, is smaller than ∼2000, 70 which is typically the case for flow-tube reactor studies. The Peclet number, Pe X , describes the ratio of advective transport rate to diffusive transport rate:
where v g,X is flow velocity, D g,X is the gas-phase diffusion coefficient of species X, and D tube is tube diameter. For Pe X > ≈ 10, axial diffusion can be neglected. The length after which a laminar profile is established in a flow tube can be estimated as 71 L ≈ 0.035D tube Re. Usually L is much shorter than the tube length, l tube . The dimensionless axial distance, z*, is defined by normalizing the axial distance z in the tube (z ≤ l tube ) by the ratio of D g,X to volumetric flow rate (Q):
Kinetics uptake studies determine the uptake coefficient (or wall reaction probability) of gas species X, which can be defined as
where J net,X and J coll,X represent the net and collision flux of X to the surface, respectively. J coll,X can be expressed as
where [X] gs is the concentration of X in the near-surface gas phase, within about one mean free path, λ X , of the surface 46 (see Figure 1) , and ω X is the thermal molecular velocity of species X. In case of significant uptake, [X] gs is usually smaller than the average concentration of X in the gas phase away from the surface, [X] g (if it is assumed that X is homogeneously distributed). As a consequence, it always holds that
In experimental studies, [X] g is an observable, and thus it is useful to define J net,X as
net,X eff,X coll,avg,X eff,X g X X gs X (6) with γ eff,X representing the apparent or measurable or effective uptake coefficient (or reaction probability), important in experimental analyses and modeling studies. The relationships between γ X and γ eff,X and related quantities can be efficiently expressed by a gas-phase diffusion correction factor C g,X , as previously introduced for gas uptake by spherical particles:
Mass transport of a gas species to a surface involving molecular diffusion depends on the flow regime. For a flowtube geometry as illustrated in Figure 1 , this is characterized by the Knudsen number, Kn X , in the form of
with λ X = 3D g,X /ω X as derived by Fuchs and Sutugin. 44 Typical gas uptake experiments with flow tubes are operated between 1 and 1013 hPa. Under these conditions, the following three flow regimes are possible:
(1) For Kn X ≫ 1 and whenever Kn X /γ X ≫ 1, termed gas kinetic or free-molecule regime, the flow of X from the gas phase to the wall surface is limited only by surface kinetics and X is homogeneous in the gas phase ([X] g = [X] gs ).
(2) For Kn X ≪ 1, termed continuum regime, the flow of X is limited only by gas-phase diffusion when Kn X /γ X ≪ 1.
(3) For Kn X ≈ 1, termed transition regime, when γ X ≈ 1 and also in the continuum regime when Kn X /γ X ≈ 1, the flow of X is influenced by both gas-phase diffusion and uptake.
[X] g > [X] gs for experimental studies whenever Kn X /γ X ≲ 1 and the relationship between [X] g and [X] gs is described by C g,X as detailed below.
For the uptake of a gas species X by a cylindrical tube under steady-state conditions, the net flow from the gas phase to the cylinder wall (see Figure 1) can be described by the following gas kinetic expression:
where V tube (= πD tube 2 z/4) is the volume enclosed by the wall and k diff,X is the diffusion-limited wall loss rate coefficient, which can be described as 
with A = 0.0978 and B = 0.0154.
Combining eqs 9 and 11 results in
Following the PRA approach for spherical particles, 46 the net flow of gas-phase diffusion through a virtual tube envelope for an absorbing cylinder can be expressed as
The mass balance of [X] gs can be described by use of J net,X and the volume of the near-surface gas phase (V gs ; see Figure 1 ): 
where and S tube = πD tube z. Equation 14 demonstrates the matching of diffusive and net uptake fluxes at a distance λ X away from the wall surface. For steady-state conditions, d[X] gs /dt = 0 can be inserted in eq 14, and combination with eq 6 followed by rearrangement of the equation leads to the gas-phase diffusion correction factor C g,X : 
As outlined by Poschl et al., 46 C g,X can also be converted into a gas-phase diffusion conductance term Γ g,X for application in traditional resistor model formulations of gas uptake: 75, 76 
The loss rate of X can be expressed as 
and the experimentally observable penetration or tube transmission, P X , is given by
eff,X X tube (18) where t represents the interaction time between the gas species and the reactive or absorbing wall (with length z) derived from the average laminar flow velocity. Solving for the net uptake coefficient yields
and eq 15 can be used to derive γ from experimentally determined γ eff,X values, that is, to correct the results of kinetic experiments for gas-phase diffusion effects: 
Equation 21 allows for the prediction of penetration as a function of tube geometry, flow conditions, and uptake coefficient, which reflects the absorptivity or reactivity of the wall surface. Note that the derivation of the above equations constituting the KPS method does not include the correction term introduced by Motz and Wise 77 to compensate for a distorted velocity distribution at the absorbing wall and has been used in several treatments of gas uptake and diffusion, including the CKD method as given by Murphy and Fahey 55 but not the Brown method. 53 As discussed by Poschl et al., 46 the influence of this correction term on the overall effects of gas-phase diffusion and the differences between alternative formulations 43, 44 are small and limited to the transition regime. Moreover, the validity of the correction factor of Motz and Wise 77 has recently been disputed by Zhang and Law. 78 The KPS method provides simple analytical equations to calculate the penetration and correct for the effects of gas-phase diffusion in flow-tube reactors, denuders, or sampling lines. It does not require numerical techniques like the method of Brown 53 or interpolation procedures like the CKD method, 55 which have commonly been applied for analysis or prediction of gas uptake kinetics and wall losses. Below we will show that the KPS method also holds for diffusional losses of particles to a tube wall.
■ RESULTS AND DISCUSSION
Generic Validation. To validate our new method (KPS), we compare it to the established numerical and interpolation methods of diffusion correction by Brown 53 and CKD. 54, 55 To cover a wide range of flow-tube geometries, flow conditions, and uptake kinetics, we calculated the predicted change in penetration or tube transmission, [X] g /[X] g,0 , as a function of the dimensionless tube length z* and the Sherwood number for γ X ≤ 1, N Shw = (ω X D tube /4D g,X )γ X , as defined by Murphy and Fahey. 55 Figure 3 shows that all methods are in good agreement at [X] g /[X] g,0 > 0.1 and N Shw < 1, corresponding to low γ X or low z*, respectively. At high N Shw and γ X , the KPS method with flow entry effects (eq 21 with N Shw eff from eq 10) continues to agree with the CKD method, while the KPS method without flow entry effects (eq 21 with N Shw eff = 3.66) agrees with the Brown method. Due to enhanced uptake in the flow entry region, the penetration predicted by the CKD method and the KPS method with flow entry effects at N Shw > 10 are ∼20% lower than the values calculated by the Brown method and the KPS method without flow entry effects ( Figure 3B) . As discussed by Murphy and Fahey, 55 the penetration predicted by the CKD method is insensitive to the details of wall loss kinetics when N Shw and γ X are large, approaching the Gormley− Kennedy limit at N Shw > 100 and γ X ≈ 1 (shown as a yellow dash-dotted line in Figure 3A) . 61, 62 Figure 3B shows that the KPS and Brown methods have higher sensitivity for resolving changes in penetration at very high uptake and N Shw > 100, where the slope of the CKD solution drops to zero. For the remainder of this study we will apply only the KPS method with flow entry effects included.
Specific Applications. Having validated the KPS method against established gas-phase diffusion correction methods, we demonstrate its practical applicability by analyzing measurement data from kinetic uptake experiments investigating the reaction of O 3 , NO 3 , and OH with different organic substrates located on the inside wall of a flow-tube reactor. [23] [24] [25] [26] 38 These kinetic experiments represent a wide range of multiphase reaction kinetics with γ X ranging from about 10 −6 to 0.1, different total pressures, and laminar flow velocities. Table 1 summarizes the experimental conditions of the analyzed kinetic uptake experiments, which were all performed in flow-tube reactors coupled to gas-phase detectors that monitor changes in the average reactant gas-phase concentration [X] g due to gas uptake on the reactor walls. In the case of OH and NO 3 38, 79 Ozone was generated by passing a flow of O 2 over an ultraviolet source before it entered the flow-tube reactor. 26 In each experiment the penetration of the reactant gas was recorded as a function of total exposure time, while the initial gas concentration at the inlet of the flow-tube reactor, [X] g,0 , as well as the gas−substrate interaction time (t), that is, the contact time between the gas species and the absorbing or reactive wall surface, were kept constant. Figure 4 shows the change in penetration of OH, NO 3 , and O 3 measured at the end of the flow-tube reactor. As specified in Table 1 , the gas− substrate interaction times differed by orders of magnitude between the different experiments, which thus covered a wide range of uptake kinetics: fast uptake in the OH experiment, intermediate uptake in the NO 3 experiment, and slow uptake in the O 3 experiment. For each set of experimental conditions and measurement data, we applied the Brown, CKD, and KPS methods to characterize the effects of diffusion and derive reactive uptake coefficients. Figure 5 summarizes the results obtained for the OH uptake experiment. Figure 5A ,B shows how the penetration and gasdiffusion correction factor (eqs 21 and 15) depend on the gas uptake coefficient for a dimensionless tube length or axial distance z* = 0.15, which is characteristic for the experimental conditions. Up to γ X ≈ 0.02, all gas-phase diffusion correction methods predict the same penetration, but at higher γ X the KPS and CKD methods predict lower penetration than the Brown method, which does not account for flow entry effects. Figure  5C demonstrates that the measurement-derived OH uptake coefficients obtained with the KPS and CKD methods agree within ∼10%, whereas the Brown method yields γ OH values that are ∼40% higher throughout the duration of the experiment. The OH gas-diffusion correction factors C g,OH displayed in Figure 5D correspond to the ratio of uncorrected to corrected uptake coefficients (γ OH,eff /γ OH ) from Figure 5C . In the plot of plotted as a function of total exposure time for three kinetic experiments in a coated-wall flow-tube reactor: OH uptake by levoglucosan, 24 NO 3 uptake by abietic acid, 25 and O 3 uptake by bovine serum albumin. 26 Experimental conditions are specified in Table 1 Analytical Chemistry C g,X versus γ X obtained with the CKD method, the small dip around γ X ≈ 2 × 10 −5 and other minor wiggles are due to numerical artifacts of interpolation. The differences between KPS, CKD, and Brown methods are due to their different treatment of the correction for gas-phase diffusion only and do not include uncertainties in the experimental data or diffusion coefficients. Figure 6 shows the same analysis as in Figure 5 but for the case of NO 3 uptake by abietic acid substrates. The uptake kinetics are about 2 orders of magnitude slower compared to the OH uptake kinetics discussed above. Figure 6A ,B shows the dependence of penetration and gas-diffusion correction factor on the uptake coefficient for the dimensionless axial distance of z* = 0.68, which is characteristic for the NO 3 uptake experiment. All methods agree very well, as flow entry effects are negligible at high z* (see Figure 2) . The correction of γ eff,NO 3 is small (∼5%) and similar for all applied methods, as demonstrated in Figure 6C . This is further corroborated in Figure 6D by the less than 2% difference between the C g,NO 3 values derived by different methods. Figure 7 displays the analysis results for uptake of O 3 by protein bovine serum albumin (BSA), which exhibits the lowest uptake coefficient of γ O 3 < 10 −5 . Figure 7A ,B displays the dependence of penetration and gas-diffusion correction factor on the uptake coefficient for z* = 0.66, characteristic for the O 3 uptake experiment. As flow entry effects are again not critical under this condition, all methods show very good agreement. The measurement-derived uptake coefficients γ O 3 and gasdiffusion correction factor C g,O 3 from the different methods agree within 2% ( Figure 7C,D) . Diffusion of aerosol particles is treated in the same way as for gas-phase species, namely, by considering the species as spheres. 16, 80 In fact, the limiting case of the CKD solution is the GK solution, 55 which is also applied to predict the penetration of an aerosol flow through a tube. 14−16 Therefore, the KPS method should be applicable to diffusion of aerosol particles to the walls of a cylindrical flow tube. Indeed eq 21 can be directly applied for aerosol particles, using particle thermal velocity (ω p ) and diffusion coefficient (D g p ) corrected by the Cunningham slip correction factor. 80, 81 Note that particles exhibit much smaller ω p and D g p values compared to gas species, leading to different Knudsen numbers for otherwise similar experimental conditions. For example, a 1 μm diameter particle with unit density is characterized by ω p = 0.44 cm·s
and D g p = 2.7 × 10 −7 cm 2 ·s −1 at 293 K.
80 Figure 8 shows the penetration of aerosol particles as a function of the dimensionless deposition parameter μ = D g p l tube /Q calculated using the GK reference and the KPS method with γ = 1. Particle losses are small for low μ (corresponding to short tube length, fast flow rate, and/or low diffusivity), whereas nearly all particles are lost to the wall at μ ≈ 1 (corresponding to long tube length, slow flow rate, and/or high diffusivity). Two analytical solutions for diffusional loss of particles to a tube wall, as described by Gormley and Kennedy 61 and adapted in the monographs of Hinds 16 and Kulkarni, Baron, and Willeke, 14, 15 have been derived and are available for the limiting cases of μ ≤ 0.02 and μ > 0.02, which are depicted as the black and blue lines, respectively, in Figure  8 . These analytical solutions and KPS agree very well with relative differences ≤2% over the investigated range of μ = 10 −4 −1. The KPS line in Figure 8 was calculated for three different particle diameters of 1 μm, 100 nm, and 0.37 nm (diameter of an "air molecule"), which gave indistinguishable results, demonstrating that the treatment of gas and particle diffusion converges in the KPS method.
■ CONCLUSIONS
A new analytical method has been derived for prediction of the penetration or tube transmission and diffusion of gas molecules and aerosol particles to an absorbing or reactive cylindrical wall of a flow reactor, denuder, or sampling tube. This derivation is based on the recently developed kinetic flux model framework and models that describe the interaction of gas species with aerosol particles 45−49,52 in combination with the wellestablished diffusion limit of gas and particle uptake by a cylindrical wall. 63, 65 A gas-phase diffusion correction factor as well as gas and particle penetration can be calculated from explicit analytical equations, rendering numerical techniques or interpolation methods unnecessary. By analysis of experimental data from OH radical, NO 3 radical, and ozone uptake by aromatic acid, carbohydrate, and protein substrates, we demonstrate that the new KPS method is applicable to rapid, intermediate, and slow uptake conditions. The agreement with more complex numerial and interpolation methods (Cooney− Kim−Davis and Brown) and analytical solutions (Gormley− Kennedy) shows that the KPS method, the underlying flux matching approach, and the PRA framework are generally applicable for interfacial transport, reactions, and losses of gas molecules and aerosol particles. Although derived for gas flow tubes, the analytical equations are general in nature and thus should also hold for other fluid types under laminar flow conditions.
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